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If we use the analogy of a virus as a living entity, then the 
replicative organelle is the part of the body where its 
metabolic and reproductive activities are concentrated. 
Recent studies have illuminated the intricately complex 
replicative organelles of coronaviruses, a group that 
includes the largest known RNA virus genomes. This 
review takes a virus-centric look at the coronavirus 
replication transcription complex organelle in the con- 
text of the wider world of positive sense RNA viruses, 
examining how the mechanisms of protein expression 
and function act to produce the factories that power the 
viral replication cycle. 


Function of coronavirus organelles 
The maxim that ‘form follows function’ is prominent in the 
field of design. However, in the context of the subcellular 
architectures being remodeled into viral replicative orga- 
nelles, it is unclear how form and function are related. 
Following several excellent ultrastructural studies, the 
role played by replicative organelles in the replication cycle 
remains unclear [1]. For example, studies showing that 
viral RNA accumulates in and around the coronavirus 
organelles [2,3] and studies demonstrating that organelles 
are not formed when RNA synthesis is halted [4,5] show 
that the appearance of these organelles is tied to RNA 
synthesis. However, other studies demonstrated that only 
some organelles are sites of active RNA synthesis [6], and 
that RNA synthesis occurs before membrane rearrange- 
ments are detectable [7]. More recently, a study that used a 
panel of coronaviruses with mutations affecting the size 
and number of organelles showed that producing fewer or 
smaller organelles did not necessarily decrease RNA syn- 
thesis or lead to a detectable competitive fitness disadvan- 
tage [8], although it is not yet clear whether this is the case 
in vivo or in immunologically active cells such as primary 
macrophages. These studies are difficult to reconcile with 
an interpretation of the organelle as the obligate site of 
viral RNA synthesis. 

For these reasons, along with the observations that 
RNA replication is detectable before the first appearance 
of organelles [7], we favor an interpretation in which the 
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organelles are a delayed manifestation of amassed viral 
proteins resulting from abundant RNA expression. 
Whatever their purpose, it is clear that the coronavirus 
organelle is dynamic [9], closely tied to vesicular trans- 
port in the host cell [5,10], and consists mainly of paired 
membranes that form a variety of complex shapes includ- 
ing convoluted membranes and double-membrane vesi- 
cles (DMVs) [2,11]. 


Context of +RNA viruses 

The catalytic domain of the coronavirus RNA polymerase is 
related to the RNA-dependent RNA polymerases (RdRp) 
from all of the other viruses that package a single strand of 
positive-sense RNA, collectively known as +RNA viruses. 
The +RNA virus RdRp is considered to be one of the 
signature genes that distinguish viruses from their hosts 
[12]. Because +RNA viruses share both the central compo- 
nent of the RNA-making machinery and a common repli- 
cation strategy, it is useful to consider how coronaviruses 
fit into the wider world of +RNA viruses. 

It is a good generalization to say that all +RNA viruses 
induce membrane-bound replicative organelles, but there 
are exceptions. Table 1 summarizes the evidence, or lack 
thereof, for membrane-bound replication factories in all of 
the currently recognized families of +RNA viruses. For 
many viruses, particularly those that infect plants, the 
presence of virus-induced inclusion bodies or ‘viroplasms’ 
has been long noted, but detailed ultrastructural data has 
been slow to appear. As Table 1 demonstrates, the evidence 
for membrane-bound viral organelles is widespread with a 
few notable exceptions. This table also serves to highlight 
areas in need of further research. 

In some cases, homology can be used to infer that 
further investigation is likely to turn up evidence for 
replicative organelles. For example, members of the Dicis- 
troviridae have proposed homologs of the 2B, 2C, and 3A 
genes, which have been implicated in organelle formation 
for other members of the Picornavirales [13—15]. Likewise, 
the Permutotetraviridae encode a homolog of the con- 
served tetravirus replicase protein (Rep), and may there- 
fore form similar organelles to related viruses of the 
Alphatetraviridae and Carmotetraviridae [16]. 

For other groups there is less evidence regarding whether 
further investigation will turn up viral organelles. For 
example, membrane-bound factories do not appear to be 
formed by Leviviridae, which are known to infect members 
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Table 1. Membrane rearrangements in +RNA virus families 
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Nidovirales Arteriviridae DMV, PM nsp2, 3 [21,29,30] 
Coronaviridae - — DMV, CM, nsp3, 4, 6 [2,11,20] 
spherule, PM 
Mesoniviridae A ER PM, tubule nr® [34] 
Roniviridae A nr Vesicle nr [35] 
Picornavirales Dicistroviridae A nr nr nr 
Iflaviridae A nr Vesicle nr [36] 
Marnaviridae Alg, Pro nr Vesicle nr [37] 
Picornaviridae A ER DMV 2BC, 3A [13-15,38] 
Secoviridae IP ER Vesicle, CM nr [39] 
Tymovirales Alphaflexiviridae Par ER VP TGB1 [40,41] 
Betaflexiviridae P ER VP, DMV nr [42,43] 
Gammaflexiviridae EF nr VP nr [44] 
Tymoviridae P Chlor, Mito DMV nr [45] 
Unclassified Alphatetraviridae A nr VP Rep [16] 
Alvernaviridae Din nr VP nr [46] 
Astroviridae A ER DMV nsPla [47,48] 
Barnaviridae F nr nr nr 
Bromoviridae P ER Spherule Protein 1a [49,50] 
Caliciviridae A ER Vesicle P30 [51] 
Carmotetraviridae A nr VP nr [52] 
Closteroviridae IP nr VP, DMV nr [53] 
Flaviviridae A ER Spherule NS4A, 4B [54-59] 
Hepeviridae A ER Vesicle, PM nr [60] 
Leviviridae B Not present [17] 
Luteoviridae P nr SMV, tubule nr [61] 
Narnaviridae [F nr nr nr 
Nodaviridae A Mito Spherule Protein A, viral RNA [62,63] 
Permutotetraviridae A nr nr nr 
Potyviridae le ER Vesicle 6K, 6K2 [64-66] 
Togaviridae A Lyso, ER Spherule P123 [67-69] 
Tombusviridae ie Perox Spherule nr [70,71] 
Virgaviridae lie ER Spherule nr [72,73] 


*Viruses of Animalia (A), Plantae (P), Fungi (F), Bacteria (B), Algae (Alg), Dinoflagellates (Din), and other Protists (Pro). 


>Proposed membrane donor site: endoplasmic reticulum (ER), chloroplast (Chlor), mitochondrion (Mito), lysosome (Lyso), and peroxisome (Perox). 


‘Type of replicative organelle: double-membrane vesicle (DMV), single-membrane vesicle (SMV), uncharacterized vesicle (vesicle), single or double membrane 
invagination (spherule), uncharacterized membrane-containing inclusion or viroplasm (VP), convoluted membrane (CM), paired membrane (PM), and tubular structures 


(tubule). 
4Proteins implicated in forming viral replicative organelles. 


°Not reported (nr). 


of the Proteobacteria [17]. This is not surprising, because 
Proteobacteria typically lack the types of internal mem- 
branes that other +RNA viruses co-opt to form organelles, 
but it does suggest that it is theoretically possible fora+RNA 
polymerase to work in the absence of replicative organelles. 
Another example is the poorly characterized Narnaviridae, 
which infect fungi. The Narnaviridae appear to lack both 
capsid and nucleoprotein genes, but encode an RdRp that is 
closely related to those of the Leviviridae. Further work is 
also needed to investigate the function and detailed struc- 
ture of other fungal viruses such as the Barnaviridae and 
fungus-infecting members of the Tymovirales. A final group 
that could shed light on the evolutionary origin of viral 
membrane-bound organelles is the uncharacterized hyper- 
thermophilic +RNA virus group that was detected geneti- 
cally in near-boiling, archaea-dominated acidic hot springs 
of Yellowstone National Park [18]. 

From Table 1 we can conclude that there is evidence of 
intracellular membrane-bound replicative organelles in 


most +RNA viruses of eukaryotes. Another point that 
can be taken from the table is that the architecture of 
the organelle can vary considerably within a family or 
order, as evidenced for the Nidovirales (Figure 1). Most 
of the viral proteins implicated in organelle formation are 
either non-enzymatic, or are large multi-domain proteins 
that also include the RdRp. This suggests that organelle 
formation is a derived characteristic that arose in +RNA 
viruses of eukaryotes after, and as an accessory to, RdRp 
function. The apparent lack of homology between viruses of 
different families (which will be discussed below), suggests 
that if organelle-making proteins did arise as replicative 
accessories, they were probably acquired independently in 
each virus lineage. 

Replicative organelles have been reported for viruses 
that infect each of the kingdoms of cellular life, but are so 
far absent from +RNA viruses of prokaryotes. Although it 
is tempting to speculate that the appearance of membrane- 
bound organelles was an adaptation that made it possible 
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Figure 1. Membrane phenotypes associated with nidovirus replication. Types of 
membrane are shown as they would appear in cross-section. Examples of well- 
characterized nidovirus replicative organelles are shown, including the alpha-, 
beta-, and gammacoronavirus genera. 


for primitive prokaryotic viruses to colonize eukaryotic 
hosts, further evidence from +RNA viruses of the archaea 
and eubacteria is needed to address this question. 


Organelle-making proteins of the Nidovirales 
Coronaviruses are grouped with arteriviruses, roniviruses, 
and mesoniviruses in the order Nidovirales. Together, the 
Nidovirales lineage has attained a genetic diversity com- 
parable to that observed in the archaea, bacteria, and 
eukaryota combined [19]. The evidence for a common ori- 
gin of the Nidovirales comes from the conserved RdRp, 
superfamily 1 helicase coupled to a metal-binding domain, 
and a serine proteinase flanked by hydrophobic domains, 
which occur in all members of Nidovirales. 

It was recently demonstrated that only three proteins 
of the severe acute respiratory syndrome coronavirus 
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(SARS-CoV) are needed to form structures that resemble 
the authentic viral organelles [20]. Of these proteins, 
SARS-CoV nonstructural protein 4 (nsp4) and nsp6 are 
highly conserved across the Nidovirales (Figure 2). For 
example, the equine arteritis virus nsp3 shows a similar 
organization and function to coronavirus nsp4 (Figure 2; 
[21]). These two multi-pass transmembrane proteins flank 
the conserved viral nsp5 serine proteinase, which cleaves 
at sites including the nsp4-5, 5-6, and 6-7 boundaries to 
release nsp4 and nsp6 [22]. 

The function of nsp4 and nsp6 is not well understood. 
Neither nsp4 nor nsp6 appears to carry enzymatic signa- 
tures, although both are necessary for SARS-CoV replica- 
tive organelle formation [20]. nsp4 also contains a widely 
conserved structural signature at the C terminus, which 
appears to be dispensable for replication in cell culture 
[23,24]. 

The third protein that is needed to form SARS-CoV 
organelles is nsp3. In its final processed form, nsp3 is 
the largest single protein encoded by the Coronaviridae, 
typically occupying about one-fifth of the coding capacity of 
each virus. nsp3 is the least securely conserved part of the 
organelle-making apparatus (Figure 2). Nidovirus proteins 
encoded in the same genomic position as SARS-CoV nsp3 
have several hallmarks — most include a papain-related 
cysteine proteinase, hydrophobic regions flanking a cyste- 
ine-histidine cluster, and one or more RNA-binding macro- 
domains [25]. nsp3 genes of the Coronaviridae also encode 
a poorly understood C-terminal Y domain and may contain 
two ubiquitin-related domains. Most of these features are 
unrecognizable in the arthropod-infecting Mesoniviridae 
and Roniviridae, making it less certain that they are true 
nsp3 homologs. 

The enzymatic functions of coronavirus nsp3 are rea- 
sonably well understood, but less is known about the role of 
nsp3 in the viral replication cycle. The proteinase 
domain(s) of nsp3 process the polyprotein at sites including 
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Figure 2. Conservation of double-membrane vesicle (DMV)-making proteins in the Nidovirales. (A) Phylogenetic tree of the Nidovirales, adapted from [19] with the 
approximate position of FHMV added from [74]. (B) Domain annotations were based on conserved amino acid sequences (solid colors) or secondary structure patterns 
(diagonal stripes). Positions of ttansmembrane and hydrophobic non-transmembrane regions were predicted by TMHMM 2.0 [75] and amended to reflect known topologies 
[76-78] wherever possible. Virus names are abbreviated as follows: human coronavirus 229E (HCoV-229E), severe acute respiratory syndrome coronavirus (SARS-CoV), 
infectious bronchitis virus (IBV), Munia coronavirus HKU13 (MuCoV), equine torovirus (EToV), white bream virus (WBV), fathead minnow virus (FHMV), equine arteritis 
virus (EAV), lactate dehydrogenase elevating virus (LDV), porcine reproductive and respiratory syndrome virus (PRRSV), simian hemorrhagic fever virus (SHFV), Cavally 
virus (CAVV), and gill-associated virus (GAV). A jagged line denotes the uncertain position of the amino terminus. 
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the nsp2-3 and nsp3-4 boundaries to release nsp3 [22]. 
There is also one reported conditional-lethal mutant in 
nsp3 that interferes with RNA synthesis by somehow 
inhibiting the function of the nsp5 main proteinase [4]. 

In terms of both conservation and function, it appears 
likely that the genes from nsp3 to nsp6 represent an 
ancestral organelle-making functional unit. Each of the 
four genes participates in organelle formation (nsp3, nsp4, 
and nsp6) or processing of the organelle-forming genes 
(nsp3 and nsp5). This organization of a protease bracketed 
by transmembrane proteins has so far only been observed 
in the Nidovirales. The clustering of organelle-making 
apparatus, and the fact that all four proteins seem to be 
necessary to form the authentic organelle, suggests that it 
may have been appropriated by an ancestral nidovirus en 
bloc through horizontal gene transfer. However, this inter- 
pretation raises the question of how other parts of the 
replicase protein were processed before the addition of 
nspd. 


Does form meet function? 

It makes sense that replicative organelles would benefit 
the virus by creating an environment where viral proteins 
can interact with as little interference from host membrane 
protein traffic as possible. Nearly all coronavirus replicase 
proteins have been shown to form complexes — both as 
homo-oligomers [25] and in groups with complementary 
functions such as the RNA cap methylation complex of 
nsp10, nsp14, and nsp16 [26]. Concentrating replicative 
machinery in and around the DMV could provide econo- 
mies of scale by integrating the processes of priming, 
capping, proofreading, and synthesizing viral genomes. 
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The purpose of these organelles remains uncertain, but 
it seems logical to predict that DMVs help to concentrate 
viral proteins and may offer some protection from the 
antiviral detection and elimination machinery of the cell. 

At the peak of the infection, organelles of the corona- 
viruses mouse hepatitis virus (MHV), Middle Eastern 
respiratory syndrome (MERS) virus, and SARS-CoV ap- 
pear similar, taking the form of paired membranes ar- 
ranged in clusters of roughly 200 nm-wide DMVs, which 
are sometimes linked by a convoluted membrane [2,7,27]. 
In a more recent publication, the SARS-CoV convoluted 
membranes were resolved as paired membranes, with the 
same inter-membrane distance found in DMVs [20]. 

Organelle architecture in the other coronavirus genera 
has revealed some surprises. Alphacoronavirus NL63 
formed clusters of betacoronavirus-like DMVs, suggesting 
that DMV architecture is highly conserved among corona- 
viruses [28]. A recent study of the gammacoronavirus 
infectious bronchitis virus (IBV) showed that in addition 
to the DMVs formed by other coronaviruses, IBV induced 
extensive paired membranes reminiscent of arterivirus 
organelles [21,29,30] and smaller 60-80 nm spherules 
[11]. This result was unexpected because IBV has clear 
homologs of SARS-CoV nsp3, 4, 5, and 6. 


Combining phenotypes 

Angelini and collaborators explored how SARS-CoV DMVs 
are made by expressing nsp3, 4, and 6 singly and in combi- 
nation and found a possible explanation for how complex 
coronavirus organelles are formed [20]. Figure 3 shows a 
schematic representation of the findings from that study. 
They observed that nsp3 accumulated in perinuclear 
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Figure 3. Schematic of severe acute respiratory syndrome coronavirus (SARS-CoV) replication highlighting organelle formation. The replication cycle proceeds from left to 
right. Nonstructural proteins (nsps) 3-6 are shown as colored circles and other nsps are indicated with white circles. Single nsp and combined membrane phenotypes are 
shown in schematic form and as electron micrographs of negatively stained ultrathin sections [20]. 
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clusters consisting of large multilamellar vesicles and dis- 
ordered membrane bundles. This membrane proliferation 
phenotype was also induced by expression of the C-terminal 
part of nsp3 starting from the first transmembrane and 
running to the end of the Y domain. Nsp4 also showed a 
reticular localization, but did not induce any detectable 
membrane rearrangements in the absence of nsp3. Coex- 
pression of nsp3 and nsp4 induced extensive membrane 
pairing, in the form of tubular ‘maze-like bodies’. These 
paired membranes showed the same spacing observed in 
both DMVs and convoluted membranes, suggesting that 
nsp3-4 interactions mediate the membrane pairing that is 
common to all the replicative structures of the Nidovirales 
(Figure 1). 

The same study revealed that nsp6, which had previ- 
ously been linked to structures involved in autophagy [31], 
induced an accumulation of single-membrane vesicles 
around the microtubule organization center [20]. However, 
it was not clear whether this phenotype resulted from 
aberrant vesicle formation or transport. The nsp6 pheno- 
type disappeared in the presence of nsp4, suggesting an 
interaction between nsp4 and nsp6. 

Previous studies had shown evidence for nsp3-4 and 
nsp4-6 interactions in MHV [32,33]. The new wrinkle from 
the Angelini study showed how the combination of nsp3 
membrane proliferation, nsp3-4 membrane-pairing, and 
nsp6 vesicle-inducing phenotypes resulted in formation 
of DMV clusters, consisting of paired membranes leading 
to terminal double vesicles [20]. That study noted that in 
each of the cells where DMV-like membranes were found, 
both nsp3-4 maze-like bodies and nsp6 vesiculation were 
also apparent. Our interpretation of these findings is that 
nsp6 disturbs the paired membranes, reshaping maze-like 
bodies into DMVs and convoluted membranes. This raises 
the question whether differences in nsp6 homologs are at 
least partly responsible for the observed differences in 
nidovirus replicative organelles. 


Concluding remarks 

The studies of separately expressed proteins described 
above have been useful in illuminating the process of 
coronavirus replicative organelle formation, but much 
remains to be learned. The mechanisms leading to mem- 
brane proliferation and vesicle accumulation still need to 
be explored in detail, including which host cell factors are 
involved (Box 1). Also the protein interactions involved in 
membrane pairing and protein-—membrane interactions 
that define DMV and spherule size remain to be explored. 
These studies will undoubtedly reveal fascinating new 
aspects of coronavirus organelle biology while shedding 
light on the processes that shape intracellular membranes. 


Box 1. Outstanding questions 


e Does nidovirus RNA synthesis take place anywhere except inside 
DMVs? 

e What are the differences in protein composition and conformation 
in spherules, convoluted membranes, and DMVs? 

e How do viral and host proteins interact as replicative organelles 
are formed? 

e What happens to the RNA that accumulates inside DMVs? 
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